As a novel class of inorganic phosphors, oxynitride and nitride luminescent materials have received considerable attention because of their potential applications in solid-state lightings and displays. In this review we focus on recent developments in the preparation, crystal structure, luminescence and applications of silicon-based oxynitride and nitride phosphors for white light-emitting diodes (LEDs). The structures of silicon-based oxynitrides and nitrides (i.e., nitridosilicates, nitridoaluminosilicates, oxonitridosilicates, oxonitridoaluminosilicates, and sialons) are generally built up of networks of crosslinking SiN 4 tetrahedra. This is anticipated to significantly lower the excited state of the 5d electrons of doped rare-earth elements due to large crystal-field splitting and a strong nephelauxetic effect. This enables the silicon-based oxynitride and nitride phosphors to have a broad excitation band extending from the ultraviolet to visible-light range, and thus strongly absorb blue-to-green light. The structural versatility of oxynitride and nitride phosphors makes it possible to attain all the emission colors of blue, green, yellow, and red; thus, they are suitable for use in white LEDs. This novel class of phosphors has demonstrated its superior suitability for use in white LEDs and can be used in bichromatic or multichromatic LEDs with excellent properties of high luminous efficacy, high chromatic stability, a wide range of white light with adjustable correlated color temperatures (CCTs), and brilliant color-rendering properties. r
Introduction
Conventional incandescent or fluorescent lamps rely on either incandescence or discharge in gases. Both phenomena are associated with large energy losses that occur because of the high temperatures and large Stokes shifts involved. Light-emitting diodes (LEDs) using semiconductors offer an alternative method of illumination. The operation of LEDs is based on spontaneous light emission in semiconductors, which is due to the radiative recombination of excess electrons and holes [1] that are produced by the injection of current with small energy losses. Subsequently, the radiative recombination of the injected carriers may attain quantum yields close to unity. As a result, compared with conventional lamps, LED-based light sources have superior lifetime, efficiency, and reliability, which promise significant reductions in power consumption and pollution from fossil fuel power plants [1] . Currently, LEDs are widely used as indicators, rear lamps for vehicles, decorated lamps, backlights for cellular phones and liquid crystal displays, and small-area lighting. With advances in the brightness and color-rendering properties of LEDs, it is generally accepted that they will replace conventional lamps for general lighting in the near future.
In general, there are three methods of creating white light in LEDs: (i) using three individual monochromatic LEDs with blue, green, and red colors; (ii) combining an ultraviolet (UV) LED with blue, green, and red phosphors; and (iii) using a blue LED to pump yellow or green and red phosphors [2] . In the latter two cases, appropriate phosphors are used as downconversion luminescent materials. The excitation sources used for phosphors in LEDs differ greatly from those of phosphors in conventional lighting. The excitation sources for phosphors in LEDs are UV (360-410 nm) or blue light (420-480 nm), whereas those for conventional inorganic phosphors in cathode-ray tubes (CRTs) or fluorescent lamps are electron beams or mercury gas (l em ¼ 254 nm). Therefore, the phosphors in LEDs should have high absorption of UV or blue light. In addition, they should also have the following characteristics: (i) high conversion efficiency; (ii) high stability against chemical, oxygen, carbon dioxide, and moisture; (iii) low thermal quenching; (iv) small and uniform particle size (5-20 mm); and (v) appropriate emission colors. The phosphor most commonly utilized in bichromatic white LEDs is the yellow-emitting (Y 1Àa Gd a ) 3 (Al 1Àb Ga b ) O 12 :Ce 3+ (YAG:Ce) [1] . Other types of phosphor such as orthosilicates [3, 4] , aluminates [5] , and sulfides [5, 6] have also been used in white LEDs. However, most oxide-based phosphors have low absorption in the visible-light spectrum, making it impossible for them to be coupled with blue LEDs. On the other hand, sulfide-based phosphors are thermally unstable and very sensitive to moisture, and their luminescence degrades significantly under ambient atmosphere without a protective coating layer. Consequently, to solve these problems and develop high-performance phosphors for LEDs, it is essential to modify existing phosphors or to explore new host crystals for phosphors such as nitrides.
Luminescence in rare-earth-doped III-V group nitrides such as AlN, GaN, InGaN, and AlInGaN has been intensively investigated because of their potential applications in blue-UV optoelectronic and microelectronic devices [7] [8] [9] [10] . However, less attention has been paid to the luminescence of silicon-based oxynitride and nitride compounds, perhaps due to (i) their critical preparation conditions (high temperature, high N 2 pressure, and airsensitive starting powders); (ii) the lack of general synthetic routes; (iii) the strong impression that they are used as high-temperature structural materials; and (iv) the limited understanding of their crystal structures as a result of the difficulties in crystal growth. Silicon-based oxynitride and nitride phosphors have received significant attention in recent years because of their encouraging luminescent properties (excitability by blue light, high conversion efficiency, and the possibility of full color emission), as well as their low thermal quenching, high chemical stability, and high potential for use in white LEDs [11] [12] [13] [14] . In this review, we discuss recent developments in rare-earth-activated oxynitride and nitride phosphors, including their crystal structure, preparation, luminescent properties, and applications in white LEDs.
Classification and crystal chemistry of nitride compounds
Nitride compounds are a large family of nitrogencontaining compounds that are formed by combining nitrogen with less electronegative elements. Generally, nitrides can be grouped into three types: (i) metallic, (ii) ionic, and (iii) covalent compounds, based on the chemical characteristics of the bonds between nitrogen and other elements [15] . Metallic nitrides, such as TiN, ZrN, VN, CrN, and FeN, are usually produced by combining nitrogen with transition metals. Ionic nitrides are usually of the form of M-N, with M being an alkali-, alkaline-earth metal, and/or rare-earth metal; examples include Li 3 N, Ca 3 N 2 , CeN, and LiMnN 2 . Covalent nitrides, such as BN, AlN, GaN, silicon nitride (Si 3 N 4 ), and P 3 N 5 , are formed by combining nitrogen with IIIB-VB group metals. From the viewpoint of luminescent materials, covalent nitrides can be considered as host lattices for phosphors because they have the characteristics of an insulator or semiconductor and wide band gaps, whereas metallic and ionic nitrides are either electrical or ionic conductors and both have narrow band gaps. Furthermore, the covalent chemical bonding in nitrides gives rise to a strong nephelauxetic effect (i.e., electron cloud expansion), reducing the energy of the excited state of the 5d electrons of the activators (e.g., Eu 2+ , Ce 3+ ) [16] [17] [18] [19] [20] . This results in long excitation/ emission wavelengths and low thermal quenching, which cannot be achieved in conventional phosphors used in lamps and CRTs.
Alternatively, nitride compounds can also be divided into the following groups depending on the number of elements included: (i) binary, (ii) ternary, (iii) quaternary, and (iv) multinary. Binary covalent nitrides, such as GaN, BN, and AlN, cannot be easily considered as host lattices for phosphors in white LEDs because they do not have suitable crystal sites for activators [13] , although some of them show interesting luminescence properties in thin-film form [7] [8] [9] [10] . The ternary, quaternary, and multinary covalent nitride compounds, typically silicon-based nitrides, are interesting because of their unique and rigid crystal structures, availability of suitable crystal sites for activators, and their structural versatility, which enable the doping of rare-earth ions to provide useful photoluminescence.
Schnick and coworkers [21] [22] [23] [24] [25] [26] [27] [28] extensively investigated the preparation and crystal structures of silicon-based oxynitride and nitride compounds. A new class of materials consisting of nitridosilicates, nitridoaluminosilicates, and sialons is formed by the integration of nitrogen in silicates or aluminosilicates. Compared with the well-known oxosilicates, the newly developed nitrides exhibit a much wider range of structural complexity and flexibility, forming a large family of multiternary compounds. In addition to these nitride compounds, oxynitrides (i.e., oxonitridosilicates and oxonitridoaluminosilicates) are derived from oxosilicates and oxoaluminosilicates by exchanges of oxygen with nitrogen and of silicon with aluminum, respectively. Therefore, similar to oxosilicates, the structures of silicon-based oxynitride and nitride compounds are generally built up of highly condensed networks constructed from linked SiX 4 (X=O, N) tetrahedra. The degree of condensation in the network of SiX 4 tetrahedra is simply evaluated by the ratio of tetrahedral Si centers to bridging atoms X. In oxosilicates the Si:X ratio reaches a maximum of 0.5 in SiO 2 , while in nitrides the Si:X ratio may vary in a broad range of 0.25-0. 75 . This indicates that nitrides have a high degree of condensation due to the fact that the structural possibilities in oxosilicates are limited to terminal oxygen atoms and simple bridging O [2] atoms, whereas the nitrogen atoms in nitrides are generally connected with two (N [2] ), three (N [3] ), even four (N [4] ) silicon atoms such as in BaSi 7 N 10 [23] and MYbSi 4 N 7 (M ¼ Sr, Ba) [24, 25] . Consequently, the highly condensed SiN 4 -based networks and the high stability of the chemical bonding between the constituent elements result in the extraordinary chemical and thermal stability of silicon-based oxynitride and nitride materials.
Structure and luminescence of silicon-based oxynitride and nitride phosphors
Compared with oxide-, boride-, sulfide-, or phosphatebased phosphors, the study of oxynitride and nitride phosphors is at a very early stage. The possibility of realizing white LEDs has greatly catalyzed the research and development of oxynitride and nitride phosphors, and they are receiving significant attention from both scientists and engineers. For rare-earth ions (i.e., Eu 2+ and Ce 3+ ) with the 5d electrons unshielded from the crystal field by the 5s and 5p electrons when in the excited state, the spectral properties are strongly affected by the surrounding environment (e.g., symmetry, covalence, coordination, bond length, site size, crystal-field strength, etc.). Because of the higher formal charge of N 3À compared with O 2À and the nephelauxetic effect (covalence), the crystal-field splitting of the 5d levels of rare earths is larger and the center of gravity of the 5d states is shifted to lower energies (i.e., longer wavelength) than in an analogous oxygen environment. Consequently, silicon-based oxynitride and nitride phosphors are anticipated to show longer excitation and emission wavelengths than their oxide counterparts. Furthermore, the Stokes shift becomes smaller in a rigid lattice with a more extended network of SiN 4 tetrahedra. A small Stokes shift leads to high conversion efficiency and small thermal quenching of phosphors.
A variety of oxynitride and nitride materials with promising luminescent properties have been discovered recently [11] [12] [13] [14] [16] [17] [18] [19] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . In this section, we will review the structure and luminescence of these rare-earth-doped oxynitride and nitride phosphors.
Blue-emitting phosphors
A blue-emitting phosphor must be combined with green and red phosphors to create white light when UV or near ultraviolet (NUV) LED is used. Although a large number of oxide-based phosphors emit an intense blue color under UV or NUV light excitation, the high thermal quenching or thermal degradation is a serious problem if they are used in white LEDs (e.g., BaMgAl 10 , and (Y,La)-Si-O-N:Ce 3+ ) will be described. The preparation and crystal structure of a JEM phase with chemical formula LaAl(Si 6Àz Al z )N 10Àz O z was reported by Grins et al. [45] . JEM has an orthorhombic structure (space group Pbcn) with a ¼ 9. , Y 3+ , and some lanthanides. It has a hexagonal crystal structure and the P3 1 c space group. In the structure of a-sialon, the M cations occupy the interstitial sites and are coordinated by seven (N, O) anions [49] . The crystal structure is shown in Fig. 3 . The Ce 3+ -activated a-sialon (Ca 0.898 Ce 0.068 Si 9 Al 3 ON 15 ) shows blue emission, as shown in Fig. 4 . The emission spectrum, centered at 495 nm, extends from 400 to 650 nm upon 389 nm excitation. The peak emission wavelength is redshifted from 485 to 503 nm when the Ce concentration increases from 5 to 25 mol% [29, 30] . Moreover, the emission of a-sialon:Ce 3+ can also be tuned by varying the values of m and n. The excitation spectrum shows a broad band with a peak located at 389 nm, which closely matches the emission wavelengths of UV or NUV LEDs.
There are several compounds in Y-Si-O-N and La-Si-O-N systems, and their luminescence spectra have been reported recently [17, 31] . Van Krevel et al. [17] investigated the luminescent properties of Ce 3+ -doped Y-Si-O-N oxynitride compounds. Generally, these compounds emit a blue color with a peak emission wavelength of 400-500 nm and show maximum excitation bands at ARTICLE IN PRESS 325-400 nm. They demonstrated that the N/O ratio and the crystal structure had a strong effect on the emission, Stokes shift, and crystal-field splitting. Larger N/O ratios and stiffer structures led to longer-wavelength emissions, smaller Stokes shifts, and larger crystal-field splitting [17] 
Green-emitting phosphors
A green-emitting phosphor is used in the case when white LEDs utilize a UV-, NUV-, or blue LED as the primary lighting source. Rare-earth-doped oxynitride and nitride green phosphors highly suitable for use in white LEDs have been reported in the literature [25, [32] [33] [34] [35] [36] , and they are reviewed below.
Hirosaki et al. [32] reported a green oxynitride phosphor based on Eu 2+ -doped b-sialon. b-Sialon is structurally derived from b-Si 3 N 4 by the equivalent substitution of ARTICLE IN PRESS Al-O for Si-N, and its chemical composition can be written as Si 6Àz Al z O z N 8Àz (z represents the number of Al-O pairs substituting for Si-N pairs, and 0ozp4.2). b-Sialon has a hexagonal crystal structure and the P6 3 or P6 3 /m space group [51, 52] . In this structure there are continuous channels parallel to the c direction (see Fig. 7 ). The b-sialon:Eu 2+ phosphor produces intense green emission with a peak located at 538 nm, as can be seen in Fig. 8 . The broad emission spectrum has a full-width at half-maximum of 55 nm. Two well-resolved broad bands centered at 303 and 400 nm are observed in the excitation spectrum. The broad excitation range enables the b-sialon:Eu 2+ phosphor to emit strongly under NUV (400-420 nm) or blue (420-470 nm) light excitation. Xie et al. [33] investigated the effects of the z-value and the Eu 2+ concentration on the phase formation and luminescent properties of b-sialon:Eu 2+ phosphors. The results showed that (i) the samples with lower z-values (zo1.0) had higher phase purity, a smaller and more uniform particle size, and produced greater emission; (ii) the optimal Eu 2+ concentration was about 0.3 mol%. In addition, the b-sialon:Eu 2+ phosphor showed low thermal quenching; its emission intensity at 150 1C was 86% of that measured at room temperature [33] .
Xie et al. [34] reported the green emission of Yb 2+ in Ca-a-sialon. As can be seen in Fig. 9 , the excitation spectrum shows a broad band centered at 445 nm, and the peak emission wavelength is about 550 nm upon bluelight excitation. The emission of Yb 2+ , arising from the transition 4f 13 5d-4f 14 , usually occurs between 360 and 450 nm, as has been shown for halides, fluorides, sulphates, and phosphates [53] [54] [55] . However, luminescence occurs at low energies in Ca-a-sialon, which can principally be ascribed to the large crystal-field splitting and the strong nephelauxetic effect induced as a result of the nitrogen-rich coordination of Yb 2+ in a-sialon. 2+ yields blue-green emission with a peak at 491 nm. These results were also observed by Li et al. [35] . The excitation spectrum of CaSi 2 O 2 N 2 :Eu 2+ shows a flat and broad band extending from 300 to 450 nm, while there are two well-resolved broad bands centered at 300 and ARTICLE IN PRESS 
Yellow-emitting phosphors
The first commercially available white LED was fabricated in 1996 by using a yellow-emitting (Y 1Àa Gd a ) 3 (Al 1Àb Ga b ) 5 O 12 phosphor and a GaN-based blue-LED chip. The principle of this white LED is that part of the blue light from the LED chip is converted to yellow light by YAG:Ce 3+ , and the resulting mix of blue and yellow light has the appearance of white light. This white LED cannot create warm white light because the YAG phosphor cannot produce red emission. Moreover, the thermal quenching of the YAG phosphor is high and strongly related to its composition, leading to changes in the chromaticity of the white LED when it is used. Therefore, it is essential to develop novel yellow phosphors that emit an orangishyellow color and undergo low thermal quenching.
Xie et al. [19, 30, 37, 39, 40] systematically studied the luminescent properties of Eu 2+ -doped Ca-a-sialon phosphors, and observed a bright yellow-orange color when they were excited by blue light. Fig. 12 shows the typical excitation and emission spectra of Eu
2+
-doped Ca-a-sialon. This phosphor has a broadband emission spectrum extending from 500 to 750 nm, with a peak located at 581 nm. The excitation spectrum shows two broad bands centered at 300 and 420 nm and a shoulder at 450 nm. The fact that the emission wavelength is longer than that of YAG:Ce (550-570 nm) implies that warm white light can be produced by combining Ca-asialon:Eu 2+ and a blue-LED chip. In addition, the yellow emission of Ca-a-sialon:Eu which emits a yellow-green color, making it possible to generate daylight light when combined with a blue LED. This indicates that warm-white-to-daylight light can be realized using a single a-sialon:Eu 2+ yellow phosphor with different emission colors. Furthermore, we have demonstrated that the a-sialon:Eu 2+ phosphor has lower thermal quenching than YAG:Ce 3+ , as shown in Fig. 13 . The low thermal quenching is expected to lead to a small variation of chromaticity in white LEDs using a-sialon:Eu 2+ .
Red-emitting phosphors
A red-emitting phosphor is usually combined with green and/or blue phosphors in the case of white LEDs utilizing a UV-, NUV-, or blue-LED chip. Fig. 14) . The average bond length between alkalineearth metals and nitrogen is about 2.880 Å . The luminescence of Eu 2+ -doped Ba 2 Si 5 N 8 was reported by Hoppe et al. [16] , and that of Eu [14, 41] . The excitation and emission spectra of these phosphors resemble each other. Fig. 15 shows typical luminescence spectra of Sr 2 Si 5 N 8 :Eu
2+
. The broad excitation spectrum centered at 450 nm markedly shifts to the long-wavelength side and covers the visible-light range. The temperature dependence of the emission intensity of Sr 2 Si 5 N 8 :Eu 2+ is given in Fig. 16 . The PL intensity measured at 150 1C is 86% of that measured at room temperature, indicative of low thermal quenching [61] .
Uheda et al. [42] reported an alternative red phosphor with formula CaAlSiN3:Eu 2+ . CaAlSiN 3 has an orthorhombic crystal structure and the space group of Cmc2 1 with unit cell parameters a ¼ 9.8007 Å , b ¼ 5.6497 Å , and c ¼ 5.0627 Å . The structure of CaAlSiN3 is built up of (Si/Al)N4 tetrahedra linked in a three-dimensional structure: one-third of the nitrogen atoms (N2) are linked with two Si/Al neighbors and the remaining two-thirds (N1) are connected with three Si/Al neighbors (see Fig. 17 ). The Al and Si atoms are randomly distributed on the same tetrahedral sites and are connected with N atoms to form vertex-linked M6N18 rings (M ¼ Al, Si). The Ca atom, residing in the tunnels surrounded by six corner-sharing tetrahedra of (Si/Al)N 4 , is coordinated to two four nitrogen atoms with an average distance of 2.451 Å . CaAlSiN 3 :Eu 2+ is a red phosphor, and its luminescence spectra are given in Fig. 18 . Both the excitation and emission spectra of CaAlSiN 3 :Eu 2+ are very similar to those of M 2 Si 5 N 8 :Eu
. The excitation spectrum is extremely broad and covers the range of 250-600 nm, closely matching the emission wavelength of NUV or blue LEDs. A broad emission band centered at 650 nm is observed upon 450 nm excitation, and it can be tuned by substituting Ca with other metals or by controlling the Eu 2+ concentration [42] . The emission intensity of ARTICLE IN PRESS CaAlSiN 3 :Eu 2+ at 150 1C is about 89% of that measured at room temperature (see Fig. 16 ).
Le Toquin et al. [43] reported another nitride host lattice for red phosphors with formula CaSiN 2 . Crystals of CaSiN 2 were prepared and the structure was determined by Ottinger et al. [62] and Gal et al. [63] independently. CaSiN 2 , which is isostructural with KGaO 2 , crystallizes in an orthorhombic structure with the space group Pnma and cell parameters a ¼ 5.1229 Å , b ¼ 10.2074 Å , and c ¼ 14.8233 Å . There are two sites for Ca atoms. Ca1 is surrounded by four N atoms with distances of 2.40-2.49 Å and by two further N atoms to form an approximately octahedral geometry. Ca2 is in a highly distorted octahedral environment, again with four shorter Ca-N distances (between 2.43 and 2.48 Å ) and two longer distances of approximately 2.8 Å . All the nitrogen atoms in CaSiN 2 are at the shared vertexes of a pair of structures and are coordinated to two Si atoms (see Fig. 19 ). By doping CaSiN 2 with Eu 2+ or Ce 3+ , broad red emission bands were observed by Le Toquin et al. [43] . The maximum emission was at 605 and 625 nm, and the maximum excitation was at 400 and 535 nm for CaSiN 2 :Eu 2+ and CaSiN 2 :Ce 3+ , respectively. The excitation and emission of CaSiN 2 :Ce 3+ can be adjusted by the partial substitution of Ca with Mg or Sr or that of Si with Al. The external quantum efficiency of CaSiN 2 :Ce 3+ was reported to be 40% [43] .
Synthesis of silicon-based oxynitride and nitride phosphors
Phosphors for white LEDs are usually in powder form. The phosphor powders are commonly synthesized by solidstate-reaction, gas-phase, or solution (i.e., wet chemistry) methods. For nitride phosphors, which differ from oxide-based ones in that they contain nitrogen, nitride starting powders or nitrogen-containing sources, are therefore frequently utilized during their preparation. In this sense, the synthetic route to nitride phosphors, such as silicon-based multinary oxynitride and nitride phosphors, is therefore very limited. Up to now, three major approaches have been used to synthesize oxynitride and nitride phosphors: a solid-state reaction, gas-reduction nitridation (GRN), and carbothermal reduction nitridation (CRN).
Solid-state reaction
The solid-state reaction is a common and simple method of synthesizing oxynitride and nitride phosphor powders. It usually involves reactions at high temperatures among powder precursors containing the corresponding chemical constituents. Si 3 N 4 powder is a commonly used starting material for the synthesis of multinary silicon-based oxynitrides and nitrides. Because of the chemical inertness of Si 3 N 4 , the synthesis of nitride phosphors is usually carried out at high temperatures (i.e., 1500-2000 1C). The more reactive silicon diimide (Si(NH) 2 ) was used instead of Si 3 N 4 to synthesize nitridosilicate phosphors by Schnick and coworkers [16, 26, 27] . Other starting materials may include metals (e.g., Ca, Sr, Ba, Eu), metal nitrides (e.g., AlN, Ca 3 N 2 , EuN), or metal oxides (e.g., Al 2 O 3 , CaCO 3 , Li 2 CO 3 , Ln 2 O 3 ). At the same time, a nitrogen atmosphere under pressures in the range of 0.1-1.0 MPa is required to protect the powder from oxidation or decomposition.
We have applied the solid-state reaction to prepare oxynitride and nitride phosphors including a-sialon:Eu 
Gas-reduction nitridation
The phosphor powders prepared by the solid-state reaction usually consist of hard agglomerates and have a large particle size and broad size distribution. It is essential to pulverize the fired products to obtain fine and welldispersed powders, and this process damages the surface of particles and hence reduces the luminescence. In addition, some precursors such as metals or nitrides are sensitive to air and expensive, resulting in complex and multistep processing. Therefore, it is necessary to develop an ARTICLE IN PRESS alternative method in order to obtain fine powders, simplify the process, and reduce the cost.
GRN is an effective and cheap method of synthesizing oxynitride and nitride phosphors. In this approach, the reaction is generally performed in an alumina boat containing the oxide precursor powder loaded inside an alumina/quartz tube through which NH 3 or NH 3 -CH 4 gas flows at appropriate rates at high temperatures (1300-1600 1C). The NH 3 or NH 3 -CH 4 gas acts as both reducing and nitriding agents. For example, Suehiro et al. [64] used GRN to prepare submicron-sized a-sialon:Eu 2+ powders ($300 nm) at a temperature 200 1C lower than that used in the solid-state reaction. The precursor was a powder in the CaO-SiO 2 -Al 2 O 3 system. The effects of processing parameters such as heating rate, flow rate, volume ratio of gases, temperature, and holding time were investigated later by Li et al. [65] . Gal et al. [63] synthesized CaSiN 2 using CaSi as the precursor powder and NH 3 as the nitriding agent through the following reaction [63] :
Carbothermal reduction and nitridation (CRN)
CRN is also a cheap method of synthesizing siliconbased oxynitride and nitride compounds [66] . It differs from GRN in that (i) carbon powder is applied as the reducing agent and (ii) N 2 instead of NH 3 was formed via the following chemical reaction [68] :
The a-sialon:Eu 2+ phosphor emitted yellow emission with a band centered at 585-605 nm, which is consistent with that prepared by the solid-state reaction. CRN was also utilized to prepare the Sr 2 Si 5 N 8 :Eu 2+ phosphor by heating a mixture of Si 3 N 4 , SrCO 3 , Eu 2 O 3 , and C powders at 1500 1C through the following reaction:
The residual carbon in powders prepared by CRN can be removed by post-annealing the phosphor powders in a carbon-free atmosphere (e.g., N 2 ) at 1600 1C.
Applications of oxynitride and nitride phosphors in white LEDs
As shown in the previous section, oxynitride and nitride phosphors emit visible blue, green, yellow, and red light efficiently under UV and/or visible-light irradiation. This closely matches the emission wavelengths of UV-, NUV-, or blue-LED chips, enabling their use as downconversion phosphors in white LEDs. The fabrication of both bichromatic and multichromatic white LEDs has been attempted by combining silicon-based oxynitride and nitride phosphors with a blue-LED chip [11, 12, 39, 40, [69] [70] [71] [72] [73] [74] [75] . Table 1 shows a summary of the optical properties of white LEDs prepared by combining silicon-based oxynitride and nitride phosphor(s) with a blue-LED chip.
The first bichromatic white LED using an oxynitride phosphor was reported by Sakuma and coworkers [11, 12, 69, 70] . They fabricated a white LED by combining an orangish-yellow a-sialon:Eu 2+ phosphor (l em =586 nm) with a blue-LED chip (l em =450 nm). A warm white LED with a correlated color temperature (CCT) of about 2750 K was produced. Furthermore, Sakuma et al. [69] showed that the chromaticity coordinates of white LEDs using Caa-sialon:Eu 2+ varied from (0.503, 0.463) to (0.509, 0.464), whereas those of LEDs using YAG:Ce 3+ shifted significantly from (0.393, 0.461) to (0.383, 0.433) when they were measured at 200 1C. The high stability of the chromaticity coordinates is due to the low thermal quenching of a-sialon:Eu 2+ . By tuning the emission wavelength of a-sialon:Eu 2+ through tailoring the composition, Xie and coworkers [39, 40] demonstrated that white-to-daylight white LEDs could also be realized using a single shortwavelength Li-a-sialon:Eu 2+ phosphor. The luminous efficacy of these white LEDs was 40-55 lm/W, about 2 times higher than that of incandescent lamps. The color-rendering index (CRI) of the bichromatic white LEDs using a-sialon:Eu 2+ was Ra=55-72, which is acceptable for some applications such as backlights, flashlights, and car interior lighting.
ARTICLE IN PRESS
To improve the color-rendering properties of white LEDs for general illumination, multichromatic white LEDs have been prepared using phosphor blends. Sakuma et al. [70] In addition, oxynitride/nitride phosphors were used in combination with NUV LED chips to generate white light by Takahashi et al. [75] . White LEDs were prepared by pumping the phosphor blend of JEM:Ce 3+ , b-sialon:Eu 2+ , Ca-a-sialon:Eu 2+ , and CaAlSiN 3 :Eu 2+ using NUV LED chip with a peak emission wavelength of 405 nm. The CRI and luminous efficacy of these white LEDs with CCTs of 2830-4350 K were Ra ¼ 95-96 and 19-20 lm/W, respectively.
Summary
In this review, the crystal structures and luminescent properties of silicon-based oxynitride and nitride phosphors recently developed for use in white LEDs were described. The excited state of the 5d electrons of rareearth elements is significantly lowered to low energies due to large crystal-field splitting and a strong nephelauxetic effect as a result of a high degree of crosslinking SiN 4 tetrahedra in the structure of silicon-based oxynitrides and nitrides. This enables silicon-based oxynitride and nitride phosphors to be excited efficiently by UV or blue-light irradiation, and then be applied as downconversion luminescent materials in white LEDs. The emission color of rare-earth ions (i.e., Eu 2+ , Ce 3+ , Yb 2+ ) depends greatly on the surrounding environments including symmetry, coordination, covalence, bond length, site size, and crystalfield strength in which they reside, making it possible to adjust/tune the emission wavelength over a wide range by varying the compositional design. The novel class of oxynitride and nitride phosphors has demonstrated its superior suitability for use in white LED and can be used in bichromatic or multichromatic LEDs with excellent properties of high luminous efficacy, high chromatic stability, a wide range of white light with adjustable CCT, and brilliant color-rendering properties.
